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ABSTRACT 
Study of Stability of ZnO Nanoparticles and Growth Mechanisms of  
 
Colloidal ZnO Nanorods. (August 2005) 
 
Kwang Jik Lee, B.S., Korea University 
 
Chair of Advisory Committee: Dr. Hung-Jue Sue 
 
After hydrolyzing zinc acetate in methanol solution, spherical ZnO nanoparticles in the 
size range from about 2.5 to 5 nm were synthesized by maintaining a ZnO concentration 
of 0.02M. Compared to ZnO nanoparticles prepared via other methods, the particles 
prepared using our novel colloidal chemistry exhibit narrow size distribution and a high 
sensitivity to the surrounding environment. The structure and composition of the white 
powders precipitated from the colloidal solution can vary, depending on how the powder 
samples are prepared. Factors such as desorption and adsorption of methanol, binding of 
water and exposure to humid air have been studied to correlate to the structure and 
composition observed from the precipitated powder. Methanol desorption rate and 
excess KOH on the particle surface have played an important role in the structural 
changes. Furthermore, upon annealing, the white precipitate is recovered to wurtize ZnO. 
XRD and TEM are used to study the structural transformation of ZnO nanoparticles. 
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Using the zinc oxide spherical colloidal solution, ZnO nanorods could be grown after 
increasing the initial concentration of the precursor solution using two different 
approaches.  Nanorods grown can form at ZnO precursor concentrations as low as 0.04 
M. Three distinct growth stages are observed during the formation of ZnO nanorods.  In 
the early stages of growth, ZnO nanorods show high uniformity with less than 5 nm in 
diameter and have an aspect ratio of less than 10.  At the final stage of growth, ZnO 
nanorods grow randomly in all dimensions, resulting in sizes over 10 nm in diameters, 
which leads to a large reduction in aspect ratios.  
The growth mechanisms of ZnO nanorods are related to precursor concentration, 
surfactant, aging time, and temperature.  In addition, upon annealing, further growth of 
ZnO nanorods is observed.  Approaches for size and shape control of ZnO nanocrystals 
are discussed. 
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1. INTRODUCTION 
 
1.1 Research on nanometer-sized materials 
 
Research on nanometer-sized materials has increased remarkably during the past years 
due to their unique characteristics termed quantum confinement effects as well as 
therefore potential applications. The term, quantum confinement effect, was introduced 
to explain a wide range of mechanical, electrical and optical properties of nano-sized 
materials in response to changes in dimensions or shapes within nano-scales [1-5]. For 
example, CdSe nanocrystals show changes in color in the range of the visible spectrum, 
while confinement effects in ZnS appear in the ultraviolet region. Similar findings are 
also observed with ZnO nanoparticles, exhibiting red shifts of the UV-Vis absorption 
peaks for the particles less than 7 nm in size [6]. 
 
1.2 ZnO nanoparticles 
 
ZnO with a wide band-gab (3.27 eV) in bulk is one of the semiconductor materials, 
making it attractive for the nano electronic and photonic applications. Its advantages 
over other materials for electronic applications lie in a high exciton binding energy (60 
meV), breakdown strength and its multifunctional (piezoelectric, ferroelectric and 
_______________________ 
This thesis follows the style of Nano Letters. 
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Figure 1.1. Diagram of the experimental set up for the evaporation method [9]. 
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ferromagnetic) [7, 8]. In addition, ZnO is much more resistant to radiation damage than 
other common semiconductor materials, such as Si, GaAs and CdS. The applications of 
ZnO to the UV-emitting diodes, cathode-ray phosphors, transparent conductor, varistors, 
chemical sensors, UV-protection films, and ultrafast nonlinear optical devices have been 
performed [8]. To prepare ZnO nanoparticles or thin films, several methods such as 
chemical vapor deposition, molecular beam epitaxy, metal organic vapor-phase epitaxy, 
spray pyrolysis and wet-chemistry colloid preparation have been developed. Wet-
chemistry approaches, as opposed to other methods requiring expensive and complicated 
processes (Fig. 1.1), have their own attractiveness in that ZnO nanoparticles can be 
synthesized with easy, low cost and without specific equipments.  This method was first 
reported by Spanhel and Anderson [10] and then modified and extended at several points 
to simplify the procedures. With these wet-chemistry approaches, high concentrated 
ZnO nanoparticles in the size range 2 to 7 nm in colloidal solution can be prepared. 
 
1.3 Barriers to overcome in wet-chemistry approaches 
 
1.3.1 Insufficient knowledge of ZnO growth kinetics and mechanisms 
 
For the ZnO nanoparticles prepared via wet-chemistry approaches, there are still several 
obstacles to overcome for further applications. First of all, a fundamental understanding 
of the ZnO growth kinetics as well as mechanisms is still not enough to provide precise 
knowledge in controlling the dimensions and shapes of the particles. It is already known 
that thermodynamic behavior of nanoparticles is different from that of the bulk materials 
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due to their significantly increased free energy term ΓA (the product of the surface free 
energy and surface area) [11, 12]. However, since ZnO nanoparticles are too sensitive to 
the environmental conditions such as binding of water, absorption and desorption of 
solvent, pH changes, exposure to air, it’s not easy to predict exactly their final status. 
Therefore, new wet-chemistry approaches are required to obtain an exact knowledge of 
the growth process of nanocrystals in other to control their sizes, size distribution, 
shapes and structures under several different experimental conditions. A new wet-
chemistry method of synthesizing ZnO nanoparticles were reported by our group [13].  
Colloidal ZnO nanoparticles were prepared via our unique wet-chemistry approach from 
which nanoparticles were obtained in a transparent methanol solution within 5 min.  In 
this new method zinc acetate powders, as opposed to other synthetic methods reported in 
somewhere, were added directly into the KOH/Methanol solution accompanying the 
formation of ZnO nanoparticles. This method is not only a simple and easy way to 
handle but also provides more choices of base and alcohol mixture such as KOH, NaOH, 
LiOH, methanol, ethanol and isopropanol. The quantum confinement effect, red shifts of 
the UV-Vis absorption peaks in response to the increase of particle size bellow 7 nm, 
was observed from both of the ZnO nanoparticles and nanorods prepared based on this 
new method [14]. 
 
White precipitants were obtained from the colloidal ZnO solution above. The structure 
of the precipitant changed according to surface conditions due to its high sensitivity to 
surface environments. ZnO nanorods grown from the same colloidal solution also show 
unique properties such as high uniformity and narrow in width [14]. This new synthetic 
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method will be introduced and the reasons why and how this new wet-chemistry leads to 
such interesting results will be discussed in more detail in the following chapters. The 
main subjects of this research, therefore, are the following; 1) study the surface 
environments causing changes in structures of ZnO nanoparticles and 2) establish the 
growth kinetics and mechanisms of ZnO nanorods grown via our new chemistry 
approach. 
 
1.3.2 Surface defects of ZnO nanoparticles 
 
Surface passivation and functionalization of ZnO nanoparticles are also a matter of great 
importance due to its surface defects [15]. The luminescent properties of undoped ZnO 
quantum dots vary depending on the various stabilizing agent used for capping and 
surface treatments. Though well known as a UV-emitting (~ 320 nm) material, ZnO 
nanoparticles emit green light (~ 500 nm) (Fig. 1.2) because of the defects on the 
surfaces of nanoparitcles. It is reported that the green emission of the ZnO nanoparticles 
results from the existence of oxygen vacancies or the zinc interstitials on the particle 
surfaces [15]. Furthermore, when a thin layer of Zn(OH)2 covers the surface during the 
wet-chemical synthesis, the exciton transition is quenched [16]. 
 
 
 
 
  
6
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. The photoluminescence (PL) spectrum of ZnO nanoparticles which shows 
both UV and visible emission peaks.  
 
 
  
7
 
To enhance ultraviolet emission while decreasing green emission, several surface 
treatments such as hydrogen plasma treatment, chemical doping and annealing have 
been reported [15-17]. Quenching of the green luminescence complemented by the 
enhancement of the UV luminescence was observed after hydrogen plasma treatment on 
ZnO [15]. Strong UV emission is also obtained from ZnO quantum dots after annealed at 
high temperatures (higher than 125°C) as the surface Zn(OH)2 is released [16]. The 
copper doping in ZnO quantum dots also showed quenching of green emission [15]. 
PVP-capped ZnO quantum dots have been widely studied [15, 16]. Capping of ZnO 
nanoparticle surfaces by using poly(vinyl pyrrolidone) (PVP) also exhibited enhanced 
UV photoluminescence and reduced green emission of ZnO nanoparticles [17]. This is 
attributed to the nearly perfect surface passivation of the ZnO nanoparticles by the PVP 
molecules. For the ZnO nanoparticles prepared via our new wet chemistry method, the 
optimal molar ratios of Zn(II)PVP= 5:6, as opposed to the value of 5 to 3 in the 
reference [17], was obtained from the PL experimental results (Fig. 1.3). For electronic 
applications, however, PPV material is not suitable for the capping materials due to its 
insulating property.  Therefore it is an urgent matter to find new materials and 
techniques for the passivation and functionalization of ZnO nanoparticles. 
 
1.3.3 Dispersion of ZnO into the polymer matrixes 
 
Nanocomposites based on polymers are a new class of composites that are particle filled 
polymers for at least one dimension of these particles is in the nanometer range. The key 
to nanocomposites is the ability to either partially or completely separate the individual 
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Figure 1.3. Photoluminescence spectra of the PVP capped ZnO nanoparticles. The 
optimal molar ratios of Zn(II)/PVP= 5:6 is shown. 
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nanofillers (intercalate or exfoliate) and make them miscible in polymers such as PP, 
PET and PVA (Fig. 1.4). However, since the enormously increased surface free energy 
caused by large surface/volume ratio of particles in this regime, leading to aggregations 
of nanoparticles, it’s not easy to achieve fully exfoliated or intercalate polymer 
nanocomposites. A lot of researchers these days focus their research activities on solving 
the problem of aggregations of nanoparticles and therefore achieving fully exfoliated 
polymer nanocomposites. Compared to the conventional composite materials, when fully 
exfoliated, polymer nanocomposites show highly improved electrical, optical, 
mechanical properties [1-5] such as increased mechanical strength, improved gas barrier 
property, higher heat and wear resistance and enhanced efficiency of the electronic 
devices. The pictures shown in Fig 1.5 are the optical microscopy images of a neat 
epoxy panel and α-zirconium phosphate-epoxy nanocomposites prepared by 
intercalation with surfactant followed by exfoliation. Though the same amount of 
nanofillers was added into the polymer epoxy panel, the pictures clearly show the 
differences in optical properties.  Optical properties of the polymer nanocomposites vary 
depending on the degree of exfoliation/dispersion of nanofillers in polymer matrixes. 
Because the size of nanoparticles is less than the wavelength of visible light, when well 
dispersed, fully exfoliated polymer nanocomposites can be clear. The transparent α-
zirconium phosphate-epoxy nanocomposites could be obtained after exfoliating of 
nanofillers by using a surface modifiers. 
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Figure 1.4. Layered silicate and polymer composites. a) phase separation, b) intercalated, 
c) exfoliated [18]. 
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Figure 1.5. Optical microscopy images. (a) neat epoxy, (b) exfoliated (surface modified) 
ZrP/epoxy nanocomposite (c) surface modifier added neat epoxy, (d) ZrP+epoxy 
(pristine α-ZrP, 2 vol%). 
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Dispersions of nanoparticles into the polymer matrices is critical points to electrical 
applications, especially hybrid LEDs (light-emitting diodes) consisting of 
semiconducting polymers and inorganic nanoparicles. No light was emitted from the 
ZnO nanoparticles in the devices due to their aggregation.  It is thought to be the result 
of self-quenching, quenching of an excited atom or molecular entity by interaction with 
another atom or molecular entity of the same species in the ground state [19].  Therefore, 
developing of new technologies such as self-assembled monolayers (SAMs) to disperse 
nano-sized materials uniformly in the polymer matrixes is of a matter of great 
importance. The main key of realizing nanotechnology for the actual applications in 
industries in near future may lie in how to disperse/exfoliate nanoparticles. 
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2. LITERATURE OVERVIEW 
 
2.1 Research on nanometer-sized materials 
 
Research activities on the fabrication of nanometer-sized functional materials, such as 
semiconductor quantum dots, tubes, and wires, have increased enormously because of 
their attractive size and shape dependent electrical and optical properties [1, 2]. For 
example, high aspect ratio CdSe nanocrystals have been reported to show greatly 
enhanced quantum efficiency in photovoltaic devices by forming interpenetrating 
network (IPN) structures (Fig. 2.1) [20]. These nano-sized phenomena, referred to as 
“quantum confinement effect”, are of significant interest from both fundamental and 
technological points of view. 
 
So far, most research on size and shape control of nanocrystals in the colloidal solution 
has been focused on CdSe, CdS and Co [21-24].  To study the behavior of the 
nanoparticles and explain the growth process of these nanocrystals from the quantum 
dots to nanorods, several theories and mechanisms are suggested.  Furthermore, 
important factors affecting the structure, size and shape of the nanoparticles such as 
surface environment, surfactant composition, time variation of monomer concentration 
and temperature are reported. 
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Figure 2.1. Enhanced external quantum efficiencies of the hybrid photovoltaic devices. 
7-nm-diameter CdSe nanorods with lengths of 7, 30, and 60 nm were used [20]. 
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2.2 Thermodynamic behavior of nanoparticles 
 
The thermodynamic behavior of small particles has been studied [11, 12]. It is reported 
that the changes in phase stability complemented by decreasing particle size results from 
the differences in interfacial free energies of the surfaces of polymorphs of the same 
materials. The surface role to the total energy grows significantly as the particle size 
decrease due to the highly increased free energy term γA (the product of the surface free 
energy and surface area). The difference in surface energy of nano-sized materials can 
also favor the formation of a particular polymorph [12]. For example, though corundum, 
α-Al203, is the thermodynamically stable phase of coarsely crystalline aluminum oxide, 
syntheses of nanocrystalline α-Al203 usually results in γ-Al203. Similar results were 
found the synthesis of nanocrystalline cubic BaTiO3, tetragonal ZrO2, tetragonal ZrO3 
and monoclinic Y2O3 [25-27]. The results are attributed to the fact that these metastable 
structures are favored to lower the total energy of the material by decreasing in surface 
energy. 
 
2.3 Surface environment affecting the structure of nanoparticles 
 
Reversible surface-controlled structure transformations in nanoparticles are observed [28, 
29]. Here nanoparticles undergo structural changes in response to the changes in the 
surface environments rather than particle size. Differences in surface environments due 
to water binding, surface-bound ligand, changes in pH or ionic strength can cause 
changes in surface free energy of nanoparticles in solution, leading to the internal 
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structural transformation [28]. The effect of pH changes on the yield of ZnO 
nanoparticles is already studied by using our new wet-chemistry approach (Table 2.1) 
[13]. It is also reported that changes in the aggregation state can induce reversible 
internal structural transformations in ZnS nanoparticles suspended in methanol [28]. 
Dispersed or weakly aggregated ZnS nanoparticles in suspension showed a more 
distorted internal structure than strongly aggregated nanoparticles.  
 
The structure transformation of ZnS nanoparticles also occurred when methanol solvent 
was desorbed or reabsorbed [29]. Furthermore, significant structural modification was 
caused when adding water into the colloidal solution at room temperature, reducing 
distortions of the surface and interior to generate a structure close to that of sphalerite 
(tetrahedrally coordinated cubic ZnS) [29]. These findings indicate that the structures of 
nanoparticles can be modified by controlling particle surface conditions even after 
synthesis. In addition, changes in nanoparticle structure could be used as principles of 
sensors which can monitor the changes of water, methanol in air in term of the structural 
transformations. 
 
2.4 Theory of ‘Focusing’ and ‘Defocusing’ (CdSe) 
 
The focusing and defocusing theory was suggested to explain the growth process of 
CdSe nanocrystals from the quantum dots to nanorods [21].  Under the thermodynamic 
condition, spherical shape of materials is favored at the beginning of the reaction due to 
their minimum surface areas versus the same volume, resulting in minimum (stable) 
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Table 2.1. The pH values of solutions with various concentrations of zinc acetate 
dehydrate and KOH. Initial pH value is KOH/MeOH solution without zinc acetate 
dihydrate. 
 
Concentration               pH (initial)      pH (5min)      pH (2h)      ZnO  
Zinc acetate    KOH                                                                  nanoparticles   
           0.01 M       0.02 M         12.07             8.58           8.45                Yes 
          0.02 M        0.04 M         12.24             9.60           8.77                Yes 
          0.015 M      0.04 M         12.24            10.83          10.69              No 
0.01 M        0.04 M         12.24            11.74          11.62              No 
  0.20 M        0.40 M         13.33             9.10           8.81                Yes 
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energy states. Therefore, spherical shape of nanocrystals forms at the beginning of the 
reaction. However, it is found that size distribution of these nanoparticles varies 
according to monomer concentration. At high monomer concentration, all particles grow 
regardless of size and the smaller particles grow faster so that CdSe nanocrystals with 
nearly monodisperse in size are observed (Focusing). However, at low monomer 
concentration, small particles are depleted as larger ones grow, leading to broad size 
distribution (Defocusing).  So these separate stages are defined and termed as ‘focusing’ 
and ‘defocusing’, respectively. 
 
2.5 Three different stages in the shape evolution (CdSe) 
 
Mechanisms for the rod formation of the CdSe nanocrystals also have been reported to 
consist of three separate stages, depending on the monomer concentrations [22]. The 
experimental results revealed that at high monomer concentration, nanocrystals grow 
exclusively along the c-axis of the wurtzite structure. At intermediate monomer 
concentration, however, nanocrystals grow simultaneously in three dimensions. At low 
monomer concentration, the aspect ratio decrease in a process as a result of both the 
previous stage and intraparticle diffusion on the surface of the nanocrystals. In this final 
stage it is noted that the intraparticle diffusion is different from normal Ostwald ripening 
because it occurs at lower monomer concentration and by monomer migration from 
small to larger ones. 
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2.6 Selectively binding of surface ligands 
 
It is also reported that changes of the monomer concentration by adding strong cadmium 
ligands, such as hexylphosphonic acid or tetradecylphosphonic acid, would enable the 
control of the shapes as well as the dimensions of the CdSe nanocrystals [23].  In 
addition, surfactant composition plays an important role in controlling the growth rates 
of different faces by dynamically coating the particles with a close packed monolayer. 
The growth can be modified through charge transfer, followed by the surface tension is 
lowerd [23]. 
 
The synthesis of shape-controlled CdSe nanocrystals was reported by Manna et al [24]. 
They revealed that a wide variety of shapes of CdSe nanocrystals, such as rods, 
teardrops, tetrapods, and branched tetrapods, could be synthesized simply by varying 
surfactant composition, time, and monomer concentration. Magnetic cobalt nanorods 
having two- and three-dimensional superstructures have also been prepared in the 
similar ways to those of CdSe nanocrystals [23]. 
 
2.7 Research on ZnO nanoparticles and nanorods 
 
Nano-sized ZnO colloids were first prepared by hydrolyzing highly diluted zinc acetate 
about 0.001 M in an isopropanol solution [30], and highly concentrated ZnO colloidal 
solutions about 0.1 M were later prepared using sol-gel synthesis [10, 31].  A few 
modifications have been made on this method, making this synthetic process simpler and 
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easier to handle. [31, 32].  For example, the colloidal ZnO solution was prepared by the 
addition of basic solution (0.03 M solution of KOH (65 ml)) to a zinc acetate alcoholic 
solution (zinc acetate dehydrate (0.01 M) in methanol (125 ml)) under vigorous stirring 
for 2 h at about 60 °C [32]. 
 
It has been reported that rod-shaped ZnO was obtained after concentrating of the 
precursor solution prepared in the same way described above and aging it for different 
lengths of time [32].  ZnO nanorods having a diameter of about 15 nm could be grown at 
a high concentration of about 0.1 M upon evaporating the spherical ZnO nanoparticle 
precursor solution at an initial concentration of 0.01 M. Similar observations were 
reported by Verges et al. for the formation of rodlike microcrystals [33].   
 
In the above studies, it has been concluded that, to grow ZnO nanorods, it is necessary to 
increase the ZnO concentration in the precursor solution at 60 °C or higher. As for the 
mechanisms for the growth of ZnO nanorods, “Ostwald ripening” and “oriented 
attachment” were proposed to explain the formation of ZnO nanorods [30]. In here, 
‘oriented attachment’ was proposed for the first time by Penn and Banfield to describe 
the coalescence of anatase and iron oxide nanoparticles under hydrothermal conditions.  
After that, oriented attachment was used to explain the crystal growth of TiO2 and 
formation of rodlike ZnO microcrystals. This can be shown from the high resolution 
TEM (HRTEM) pictures, revealing almost perfectly alignment of crystalline lattice 
planes or dislocation at the contact areas between the adjacent particles (twin structure). 
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However, it is uncertain whether or not the proposed growth mechanisms depicted above 
can be applied to ZnO nanorod growth under other conditions. 
 
The ZnO quantum dots and nanorods to be reported in following chapters were 
synthesized and grown via a new wet-chemistry route at low precursor concentrations 
[13]. The ZnO colloidal solutions and nanorods above show unique properties compared 
to those of ZnO prepared by using other methods. Based on the results above, new 
mechanisms will be proposed to describe the growth of the ZnO from the quantum dots 
to nanorods. Transmission electron microscopy (TEM), X-ray diffraction (XRD) and 
UV-Vis spectrophotometer were used to analyze the ZnO nanorods structure, size, and 
optical absorption characteristics. 
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3. EXPERIMENTAL 
 
3.1 Materials 
 
Zinc acetate dehydrate (Zn(OAc)2· 2H2O) was obtained from Fluka. KOH and micro-
sized ZnO powder having 99.9 % purity were purchased from Aldrich. Here micro-sized 
ZnO powder was used as a control sample. Methanol with reagent grade of 99.9 % 
purity was used. 
 
3.2 Synthesizing of a colloidal ZnO solution 
 
A new wet-chemistry was employed to prepare colloidal ZnO solutions. First, 0.04 M 
KOH solution in methanol was prepared by adding 0.224 g KOH into 100 ml methanol. 
After sonicating the solution for 5 min, it was heated up until the final temperature 
reaches around 55 °C under stirring and refluxing in an oil bath.  To adjust the reaction 
stoichiometry of zinc acetate dehydrate and KOH of 1 to 2 (0.02 M to 0.04 M), 0.439 g 
of Zinc acetate dehydrate (Zn(OAc)2· 2H2O) powder was added into the solution. 
Within 5 min, transparent ZnO colloidal solution was obtained. To study the growth 
process and mechanism of ZnO particles, the solution was aged for several days under 
the same conditions. 
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3.3 Precipitation and surface environments of white powders 
 
During the aging process of the transparent ZnO colloidal solution, the change in colors 
of the solution from transparent to cloudy occurred after two-day aging, followed by the 
precipitation of white powder on the bottom of the flask. To identify the white 
precipitants, both XRD and TEM were utilized and each result was compared. It is also 
known that nanoparticles are highly sensitive to surface environments such as water, 
moisture, humidity, pH and solvents [28, 29]. Experiments were designed to study which 
factors are responsible for the structural and morphological changes of ZnO 
nanoparticles in our new synthetic system. The experimental conditions are summarized 
as follows. 
 
ZnO sample preparations under different environmental conditions; 
Each solution below was used as a precursor solution. 
z Transparent ZnO colloidal solution 
z Opaque ZnO colloidal solution 
Precursor solutions were prepared based on our new wet-chemistry approach explained 
in detail on the previous page. 
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3.3.1 Drying conditions of white precipitants in methanol 
 
Several approaches were employed to get powder form ZnO under different drying 
conditions. 
z Slow evaporation of opaque ZnO colloidal solution 
z Fast evaporation of opaque ZnO colloidal solution in the dry atmosphere 
z Fast evaporation of opaque ZnO colloidal solution in the humid atmosphere 
z Decantation of methanol solution after centrifuging 
To obtain a slowly evaporated sample, opaque colloidal solution opened into air in a 
glass beaker at room temperature. Cloudy solutions turned to be transparent soon during 
the slow volatilization of MeOH, indicating that nanoparticles redispersed into the 
methanol solution. Further evaporation of MeOH allowed white powder to reprecipitate 
and then after the precipitant was just left in the open air. Quick volatilization of 
methanol solution was done by pouring the same colloidal solution onto the spacious 
weighing paper. The large contact area between the solution on the paper and air 
allowed that white powders form within a one day. However, the final state of the 
samples was a little bit different in this approach, depending on the humidity of the 
atmosphere. The completely dried precipitant was obtained under the dry and cool air. 
However, in the humid atmosphere, precipitants remained in a little bit wetted state even 
after evaporation of MeOH. The most freshly prepared white powder sample was 
obtained after centrifuging and decanting the opaque ZnO colloidal solution. To 
minimize other effects such as exposure of the particle to air, the sample was quickly 
examined with  XRD. 
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3.3.2 Effects of the annealing 
 
The white precipitant prepared via a slow evaporation method was annealed at 130 °C 
for different lengths of time (30 min, 1 hours, 3 hours) to track its structural and 
morphological transformation at high temperature. To monitor each stage, both TEM 
and XRD were used. 
 
3.3.3 Effects of water contents 
 
Distilled water was added into the opaque ZnO colloidal solution and ZnO powder, 
respectively. 
z Distilled water into the opaque ZnO colloidal solution 
z Distilled water into the ZnO powder 
The ZnO powder used here was obtained after 3-hour annealing of the white precipitant 
at 130 °C. Water added opaque ZnO colloidal solution was just left  on the table at room 
temperature for 3 days. The remnant liquid was decanted after centrifuging the solution 
mixture to get powder samples. ZnO powder in which distilled water was added was 
also prepared under the same condition with that of the water added opaque ZnO 
colloidal solution. The ZnO powder was taken out to take XRD. 
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3.3.4 Effects of methanol readsorption 
 
All the experimental conditions are the same as the previous one (water added to ZnO) 
except that here methanol was used instead of water. 
 
3.3.5 Effects of pH 
 
The value of pH was recorded with some solution samples above. 
 
3.4 Preparation of ZnO nanorods 
 
The ZnO colloidal solution above was used as a precursor solution to grow ZnO 
nanorods. Since it has been shown that an increase in ZnO concentration in the precursor 
solution is necessary to grow from quasi-spherical shaped ZnO nanocrystals into 
nanorods, two approaches were undertaken to increase the concentration of the starting 
precursor sol with an initial concentration of 0.02 M.  One approach was to use a 
Rotavapor to rapidly increase the concentration of precursor solution at 55 °C. This 
solution was then aged at 55°C for 12 hours under refluxing and stirring in an oil bath.  
The other approach was by conducting a 10-day of reflux of the precursor solution at 
55 °C by slow evaporation of solvent via a small cap opening until the final 
concentration reaches ~ 0.04 M.  Meanwhile, the evaporation rate of the colloidal 
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solution was recorded at various lengths of time to determine how the concentration 
influences the nanorod growth mechanisms. 
 
To study how other processing parameters affect the formation of ZnO nanorods, 
syntheses were also performed under different temperatures, precursor concentrations, 
evaporation rates and aging times.  In addition, ZnO nanorods grown here were annealed 
at 110 °C for 3 hrs in an oven to observe further growth of ZnO nanorods. For clarity, all 
the experimental conditions performed in this research are summarized in Table 3. 1. 
 
3.5 Characterization of structure and optical properties 
 
To study the ZnO nanorod crystal structure, X-ray diffraction (XRD) using a 
diffractometer (Bruker D8 Advanced Powder X-ray Diffractometer) with Cu-Kα incident 
radiation was utilized.  For XRD experiments, powder samples were used.  
 
The size and shape of the ZnO nanoparticles were determined using a JEOL 2010 high 
resolution transmission electron microscope (HRTEM). The TEM microscope has a 
spatial resolution of 0.23 nm when operating at 200 keV.  The structure of the ZnO 
nanoparticles was also studied by electron diffraction.  TEM samples were prepared by 
evaporating a drop of colloidal suspension on copper grids and then dried in a vacuum 
desiccators for at least two hrs. Optical absorption spectra were also recorded on a HP 
8451 diode array spectrophotometer. A bulk (micro-sized) ZnO powder purchased from  
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Table 3. 1.  A summary table showing the formation of ZnO nanocrystals as a function 
of temperature, precursor concentration, evaporation rate and aging time. All shapes of 
ZnO nanocrystals were confirmed by TEM observations. 
 
 
Preparation of the Precursor Solution [11] 
Spherically Shaped ZnO Nanoparticles  
Temperature            55°C          55°C          55°C          55°C         45°C         Room T. 
Precursor Con        0.02 M      0.02 M        0.02 M       0.2 M       0.02 M        0.02 M 
Evaporation Rate   Quickly     Slowly           0             Slowly      Slowly        Slowly 
2 hr.       Spherical  
(0.1 M)  
12 hr        Rods                                                 Rods 
(0.1 M)                                         (1day, 0.2M) 
7 days                        Spherical 
(~0.03 M) 
10 days                         Rods         Spherical                         Rods 
(~0.04 M)     (0.02 M)            (17days,~0.04 M) 
 
Aging
 Time 
(Final
 Con.) 
21 days                                                                                      Spherical
(~0.1 M)
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Aldrich was dissolved in Methanol to take UV–Vis spectra and then compared with 
those of ZnO nanoparticles and nanorods. 
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4. STABILITY OF ZnO NANOPARTICLES 
 
4.1 UV-Vis and PL characterization of ZnO nanoparticles 
 
After hydrolyzing zinc acetate in methanol solution, spherical ZnO nanoparticles in the 
size range of about 2.5 to 5 nm were synthesized by maintaining a ZnO concentration at 
0.02M [13].  This new wet-chemistry approach allows ZnO nanoparticles to be obtained 
in a transparent colloidal solution within 5 min.  To characterize the colloidal solution, 
both UV-Vis and photoluminescence (PL) spectra were taken with the ZnO colloidal 
solution aged for 30 min.  The UV absorption and emission peaks at around 320 nm and 
380 nm in Figure 4.1, respectively, indicate that ZnO nanoparticles were successfully 
synthesized via this new method.  Here it should be noted that the green emission at 
around 500 nm originated from the oxygen vacancies on the ZnO nanoparticle surface.  
In addition, the colloidal ZnO nanoparticle solution shows a wide range of absorption 
properties as particles grow in size during the aging time, termed quantum confinement 
effect.  Figure 4.2 demonstrates the red shifts of UV-Vis absorption peaks in response to 
the expanded aging time accompanying the growth of ZnO nanoparticles in size. 
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Figure 4.1. Photoluminescence and UV-Vis spectra of the ZnO nanoparticles aged for 30 
min at 55 °C. 
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4.2 Size analysis of ZnO nanoparticles 
 
There are several methods to measure nanoparticle sizes, including TEM imaging, small 
angle X-ray scattering (SAXS) and the Debye-Scherer formula which uses the width of 
the peak at half of its maximum (FWHM) height of the wide angle X-ray scattering. 
 
In this work the UV-Vis absorption spectra in Figure 4.2 was used to calculate the 
nanoparticle sizes. This method was proposed by Meulenkamp who introduced the 
equation below which correlates the particle sizes to λ1/2 (the wavelength at which the 
absorption becomes half of that at the shoulder) [10].  The values of 2.4 nm and 3.7 nm 
for the diameters of the ZnO samples which were aged for 10 min and 24 hours, 
respectively, were calculated from this equation.  
 
1240/ λ1/2 = a + b/D2 – c/D, 
 
where, 
a = 3.301, b = 294.0 and c = -1.09, 
λ1/2 (nm) is the wavelength at which the absorption becomes half of that at the shoulder, 
D (Å) is the diameter of the particles. 
 
To confirm the particle sizes calculated from the equation above, the particle sizes were 
directly measured from TEM images of the ZnO nanoparticles aged for 3 hours. The 
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Figure 4.2. The red shifts of UV-Vis absorption peaks in response to the expanded aging 
time accompanying the growth of ZnO nanoparticles in size. 
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average particles size of ~ 3.5 nm was obtained from the TEM images (Fig 4.3), while 
the value of ~ 3.4 nm was calculated upon utilizing the equation above with the same 
particles. This shows a good agreement between the results from the two methods.  In 
addition, the size growth about up to 5 nm was recorded when ZnO nanoparticles were 
aged for long time via this method. 
 
4.3 Intermediate states between the colloidal and powder ZnO 
 
The transparent ZnO colloidal solution turned to be cloudy after two-day aging under 
stirring and refluxing at 55 °C, followed by the precipitation of white powders onto the 
bottom of the glass flask. The white precipitants were treated under several different 
ways described in the experimental section in detail in order to study the effects of post-
synthesis treatments on the characterizations of nanoparticles. Both XRD and TEM 
results revealed that the structures and morphologies can be affected by the surface 
environments, depending on how the white precipitants were prepared. 
 
4.3.1 Effects of drying conditions of white precipitants 
 
As already shown in the previous section, the UV-Vis, PL spectra and TEM image 
confirmed that spherical ZnO nanoparticles in the size range of about 2.5 to 5 nm were 
synthesized in the transparent methanol solution. However, an unknown material having 
a totally different structure in comparison to wurzite structure ZnO was observed from 
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Figure 4.3. TEM image of the transparent colloidal ZnO nanoparticles aged for 3 hours.  
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the XRD when the white powder sample was prepared via the slow MeOH volatilization  
(Fig. 4.4). The XRD was run again with other sample in which methanol was quickly 
evaporated within 1 day.  Figure 4.5 shows the result that the three main characteristic 
peaks of the wurzite structure of ZnO appeared again.  However, when the sample above 
was not completely dried and placed several days in the open air at room temperature, 
probably due to the humidity in air, characteristic peaks from the both Fig. 4.4 and 4.5 
appeared together in Figure 4.6. In addition, when XRD was taken after one month with 
the same sample, the peak intensity in Fig. 4.6 reduced and the intensity of the unknown 
peaks in Fig. 4.4 significantly increased again (Fig. 4.7) This finding indicates that there 
was a change in the structure of ZnO during the sample treatments due to the changes in 
surface environments of the particles. To minimize the time of MeOH evaporation as 
well as exposure to atmosphere during the sample preparation, the white powder was 
taken for XRD right after centrifuging and decantation of the opaque ZnO colloidal 
solution. The result coincided with what was shown in the quickly evaporated ZnO 
sample (Fig. 4.4), indicating the change in structures is attributed to the interactions 
between the slow removal of methanol solvents and humidity on the particle surface. 
The excess KOH remained on the particles surface after synthesis and may react with the 
humidity during the slow MeOH volatilization, resulting in the structural change. KOH 
is well known as a moisture sensitive material and its characteristic peak of the XRD 
also appears around at 33.2 °C. It has also been reported that adsorption and removal of 
the solvents can affect the structural change of ZnS nanoparticles [29]. 
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Figure 4.4. XRD pattern of the white precipitants. The powder sample was prepared via 
the slow MeOH volatilization method. 
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Figure 4.5. XRD pattern of the white precipitants showing three main characteristic 
peaks of the wurzite structure of ZnO. The powder sample was prepared by quick 
MeOH volatilization. 
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Figure 4.6. XRD pattern of the white precipitants showing both wurzite structure of ZnO 
peaks and peaks in Fig. 4.4. The powder sample was prepared by quick MeOH 
volatilization but the sample is still wetted with moisture. 
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Figure 4.7. XRD pattern of the white precipitant. The sample was prepared in the same 
way used in Fig. 4.6 but placed to open air for one month to observe further structural 
changes in a humid atmosphere. 
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4.3.2 Effects of annealing 
 
To identify the unknown white material, both TEM and XRD were utilized with the 
powder annealed for different lengths of time (30 min, 1 hr, 3 hrs) at 130 °C. Both TEM 
image and XRD pattern in Fig (4.8) were taken from the unknown sample, 
corresponding to XRD pattern in Fig (4.4). Before annealed, a flexible and spacious 
sheet-like material rather than spherical ZnO nanoparticles was observed. At the 
beginning of the annealing, however, the large area covered with the unknown material 
started to decrease and particles began to form (Fig. 4.9 (a)). This finding coincides with 
the corresponding XRD result showing that the peak at 33.2 ° is still predominant but the 
three main characteristic peaks of the wurzite structure ZnO begin to appear (Fig.4.9 (b)). 
When annealed for 1 hour, the peak at 33.2 ° was completely disappeared and only 
specific peaks of the wurzite structure of ZnO were shown on the XRD in Fig (4.10 (b)). 
The TEM image in Fig (4.10 (a)) also shows a good agreement with the result in XRD 
pattern. According to the TEM image, only ZnO particles are remained. However, both 
the shape and size of ZnO nanoparticles are not still uniform. After 3 hours annealing of 
the unknown precipitant,, spherical and uniform size still below 10 nm ZnO 
nanoparticles were obtained (Fig. 4.11 (a)). 
 
The re-formation of ZnO nanoparticles after annealing the unknown materials is thought 
to be due to the heat decompositions of the hydrozincite or zinc hydroxide at the high 
temperature. The equation of chemical reaction is provided as following; 
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                              (a)                                                                         (b) 
 
 
 
Figure 4.8. TEM image (a) and XRD pattern (b) of sample (b-1) before annealing. 
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                                (a)                                                                     (b)     
 
 
Figure 4.9. TEM image (a) and XRD pattern (b) of sample (b-1) annealed for 30 min at 
130 °C. 
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                                (a)                                                                    (b) 
 
 
Figure 4.10. (a) TEM image (a) and XRD pattern (b) of sample (b-1) annealed for 1 hour 
at 130 °C. 
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                                 (a)                                                                     (b) 
 
 
Figure 4.11. TEM image (a) and XRD pattern (b) of sample (b-1) annealed for 3 hours at 
130 °C. 
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•  Hydrozincite:     Zn5(OH)6(CO3)2  →     5ZnO+3H2O+2CO2 
•  Zinc Hydroxide:   Zn(OH)2    →   ZnO+H2O 
 
In addition, the XRD peak analysis of the unknown materials also reveals that the 
specific peak of the unknown material at around 33.2 ° coincides with that of the 
hydrozincite or zinc hydroxide (or the mixture of them). 
 
4.3.3 Other parameters 
 
It has been reported that the water binding on the ZnS nanoparticle surfaces can cause 
the change in its structure [29]. To study the effect of water binding on the ZnO 
nanoparticle surface, distilled water was added to the opaque ZnO colloidal solution and 
ZnO powder obtained after 3-hour annealing, respectively. Furthermore, the pH values 
of the ZnO colloidal solution before and after adding distilled water were recorded. No 
changes in structures were observed from the both water added colloidal and solid state 
ZnO nanoparticles from the XRD. In addition, the pH values of each solution also 
recorded similar value. 
 
Reversible surface-controlled structure transformation by the changes in the aggregation 
state and methanol desorption was also reported [28, 29]. To observe whether the 
reversible structure transformation occurs or not in our system, the methanol was added 
to the 3 hours annealed ZnO nanoparticle powder and the mixture was placed at room 
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temperature for 3 days. The XRD result shows that there is no difference between the 
two. 
 
4.4 Summary 
 
In summary, ZnO colloidal nanoparticles were successfully synthesized via our new 
wet-chemistry approach, confirmed by both UV-Vis, PL spectra and TEM image. The 
particle size in the range of about 2.5 to 5 nm was observed, calculated by using the UV-
Vis absorption spectra and directly measured from the TEM images. 
 
The changes in structures of the ZnO were found after slow removal of methanol solvent, 
resulting in an occurrence of the unknown material. It is thought that excess KOH on the 
particle surface plays an important role in the structural changes in open air during the 
slow volatilization of methanol solvent. The XRD peak analysis of the result material 
indicates that it may be the hydrozincite and zinc hydroxide. 
 
The annealing process allowed the reversible structural transformation from the 
unknown material to wurzite structure of ZnO. This can be explained by the heat 
decomposition of the hydrozincite/ zinc hydroxide at a high temperature. No structural 
changes of the particles were observed by other surface environments such as water 
binding, pH change, re-absorption of methanol. All the experimental procedures and 
results were schematically summarized in Figure 4.12. 
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Figure 4.12 Schematic diagram showing all the experimental procedures and results of 
the stability of ZnO nanoparticles under different surface environments. 
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5. GROWTH MECHANISMS OF COLLOIDAL ZnO NANORODS 
 
5.1 Formations of narrow and uniform ZnO nanorods 
 
Based on the above precursor solution, ZnO nanorods were prepared using two 
approaches to achieve higher concentrations.  As shown in Figs. 5.1(a) and 5.2(a), when 
the ZnO nanorods are prepared by increasing the concentration of the precursor solution 
by five times from 0.02 to 0.1 M using a Rotavapor and aged for 12 hrs under refluxing 
and stirring at 55 °C, highly uniform nanorods with diameters of about 5 nm are formed.  
When ZnO nanorods are prepared by concentrating the precursor solution from 0.02 to 
0.04 M via a 10-day aging at 55 °C and refluxing conditions with a small cap opening, 
as shown in Figs. 5.1(b) and 5.2(d), again, highly uniform nanorods with diameters of 
about 5 nm are formed.  However, if the concentration is below 0.04 M, no nanorods can 
be found.  It should be noted that the Rotacapor evaporation approach leads to low 
reproducibility, requiring further research. 
 
It is noted that the ZnO nanorods obtained from both of the above two approaches show 
high uniformity as well as small diameters of nanorods (~5 nm), with an aspect ratio of 
about 10 (Figs. 5.1 and 5.2). This result suggests that the wet chemistry carried out in 
this study yields unique ZnO nanorods growth mechanisms. Unlike what has been 
reported in the literature [34], the quasi-spherical ZnO nanoparticles prepared here stay 
at about 5 nm in size and do not grow further in size even after prolonged aging. The  
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                                   (a)                                                             (b) 
 
 
 
Figure 5.1. TEM of ZnO nanorods grown when the starting solution was concentrated 
rapidly using a rotary evaporator (a). The graph (b) describes the average size and size 
distribution of ZnO nanorods shown in (a).    
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                 (a)                                                              (b) 
 
 
Figure 5.2. TEM of ZnO nanorods grown when the starting solution was concentrated 
slowly with a loosely capped opening (a). The graph (b) describes the average size and 
size distribution of ZnO nanorods shown in (a). 
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critical concentration for the inception of nanorods formation based on the new wet 
chemistry approach is also much lower than what has been reported in the literature [32]. 
At this moment, it is still uncertain exactly why and how the new wet chemistry leads to 
the unique formation of ZnO nanorods.  It can be speculated that the new wet chemistry 
approach allows for effective acetate ligand bonding on the particle surface to control 
the size and shape growth of ZnO nanocrystal via a closely packed monolayer of the 
coordinating acetate ligands.  It has been reported that surfactant ligands can affect the 
size and shape growth of nanocrystals [23]. 
 
For the nanorods to form, it requires anisotropic crystal growth which depends on the 
differences in free surface energies on different crystallographic planes [32]. In this case, 
selective bonding of surface acetate ligands to the respective crystallographic planes 
allows the quasi-spherical nanocrystals to grow preferentially along the c-axis (002) of 
the wurtzite structure, making this axis the long axis of the rods [35]. A similar 
discussion concerning the role of counter-ion adsorption for crystal growth during 
biomineralization of rhombohedral calcite crystals has also been reported [36]. 
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5.2 Study of structure and growth mechanisms of ZnO nanorods 
 
5.2.1 Oriented attachment and High Resolution TEM 
 
To study the structure and growth mechanisms of ZnO nanorods, HRTEM was taken by 
sampling the ZnO during the intermediate growth process from the reactor under various 
time frames.  Figure 5.3 shows the HRTEM images of the ZnO at various stages of 
growth.  HRTEM images show that the crystalline lattice planes of nanoparticles with 
sizes of 4-5 nm were almost perfectly aligned when joined.  This phenomenon is called 
“oriented attachment” [37], which is a recent model proposed by Penn and Banfield to 
describe the crystal growth of anatase and iron oxide nanoparticles with sizes of a few 
nanometers.  Therefore, the growth of ZnO nanorods along the c-axis is possibly 
resulted from both the acetate ligands, which help bond ZnO crystals selectively to grow 
ZnO nanorods from a preferred c-axis crystallographic plane, and oriented attachment of 
perfectly aligned lattice planes [33]. 
 
5.2.2 Quantum confinement effect and UV-Vis absorption 
 
UV-Vis absorption spectra of both ZnO nanoparticles and nanorods are shown in Figure 
5.4.  In most cases, quantum confinement effects from the optically active nanorods 
semiconductors are not shown due to their large rod diameters [38-41].  Peng, et al. [42], 
however, first noticed quantum confinement effect on small dimensions CdSe quantum 
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                                            (a)                                               (b) 
 
 
 
 
 
 
 
                                           (c)                                                   (d)   
 
 
Figure 5.3. HRTEM shows perfectly aligned crystalline lattice planes of ZnO 
nanocrystals in (a) one, (b) joining of two, (c) joining of three nanoparticles.  In (d), the 
fully grown ZnO nanorod after annealing is shown. 
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rods, where red shift of the PL peak of a CdSe quantum rod was observed.  The 
mechanism for UV absorption below 380 nm in bulk ZnO materials is known as 
bandgap absorption; while the shifts observed on UV absorption in ZnO nanocrystals are 
due to their changes in size within the quantum confinement regime [34].  It has been 
reported that ZnO shows quantum confinement effects for particles below 7 nm in size 
[43].  Fig. 5.4 shows a similar quantum confinement effect on the 5 nm diameter ZnO 
nanorods.  ZnO nanorods after being aged for 10 days have a rod diameter of 5 nm and 
still show the red shift.  For ZnO nanorods being aged for 15 days, it has a diameter of 
11 nm.  The observed UV-Vis absorption spectrum for the 11 nm nanorods is almost the 
same as that of the bulk ZnO.  The absorption observed above 380 nm is believed to be 
due to the scattering of the incident beam on the opaque ZnO nanorod solution. 
 
5.2.3 Structure of ZnO nanorods and diffraction mode TEM 
 
Both electron diffraction and HRTEM confirm the ZnO rod morphology and structure 
(Figs. 5.1, 5.2 and 5.3).  ZnO nanorods aged for 15 days via slow evaporation were 
prepared for TEM characterization (Fig. 5.5). The image shows that ZnO nanorods have 
~11 nm in diameter and a maximum aspect ratio of 6.  The insets in Figs. 5.5(b) and 
5.5(c) show the diffraction patterns of the selected ZnO nanorods.  The hexagonal 
diffraction pattern in Fig. 5.5(b) corresponds to the (002) direction of the wurtzite ZnO 
nanorod, which is parallel to the beam direction.  This hexagonally ordered diffraction 
pattern is not shown in Fig. 5.5(c) because most ZnO nanorods are oriented in an angle  
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Figure 5.4. UV-Vis absorbance spectra of ZnO quantum dots and nanorods prepared 
under different aging times. It clearly shows the quantum confinement effect, shifts of 
the UV absorbance peaks. 
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  (a)                                                                         (b)  
 
 
 
                                                                                   
                                                                                (c) 
                                                                                      
                                         (c) 
                                                                                     
 
 
 
 
Figure 5.5. TEM of ZnO nanorods prepared after aging for 15 days. The insets in (b) and 
(c) represent the diffraction pattern of each selected crystal.   
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from the electron beam direction. 
 
5.2.4 Annealing effect on the growth of ZnO and size analysis 
 
To study the annealing effects on the further growth of ZnO nanorods, ZnO nanorods 
were prepared in the same way described above and then dried at 110°C for 3 hrs in a 
vacuum oven. The TEM images of ZnO nanorods before and after annealing are shown 
in Figs. 5.6(a) and 5.6(b).  The TEM micrographs clearly show that ZnO nanorods grow 
randomly in all directions during the annealing, leading to a wider distribution of ZnO 
nanorods both in diameter and in aspect ratio.  The average diameters of ZnO nanorod 
before and after annealing are about 6.2 and 12.2 nm, respectively.  This increase in 
diameter is thought to be the result of the intra- or inter-atom diffusions of ZnO 
nanorods promoted by the temperature rise.  
 
The corresponding XRD diffraction patterns of ZnO nanorods are shown in Figs. 5.7(a) 
and 5.7(b). Compared to the XRD pattern of wurtzite structure of ZnO nanoparticles 
elsewhere, the same XRD peaks are observed, except for a much higher relative peak 
along the c-axis for the ZnO nanorods.  This indicates that ZnO nanorods are well grown 
in the (002) direction. Furthermore, much narrower peak widths as well as reduced 
background intensity of the XRD patterns reveal that a much higher degree of 
crystallinity of wurtzite structure of ZnO nanorods is obtained after annealing the 
powder samples for 3 hours at 110 °C in a vacuum oven. 
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                 (a)                                                                  (b)      
                
 
Figure 5.6. TEM of the ZnO nanorods before (a) and after (b) annealing at 110℃ for 3 
hrs.  
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(a)                                                                (b) 
 
Figure 5.7. XRD of the ZnO nanorods before (a) and after (b) annealing at 110℃ for 3 
hrs corresponding to TEM in Fig. 5.6 (a) and (b), respectively.    
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The width of ZnO nanorods can be calculated based on the peak width of the XRD peaks 
using the Debye-Scherer formula, t = 0.89λ/(βcosθB), where λ is the X-ray wavelength 
(1.5406 Å), θB is the Bragg diffraction angle, and β is the peak width at half-maximum.  
The diameters of 7.4 and 11.4 nm, respectively, are calculated for ZnO nanorods before 
and after annealing.  These results are about 1 nm apart from the TEM images. This 
finding shows a good agreement between the XRD measurements using the Debye-
Scherer formula and the TEM direct imaging. 
 
5.2.5 Other factors on the ZnO nanorod formation 
 
It should be noted that ZnO nanorods in the diameter of ~ 11 nm were also observed 
after aging for 17 days at 45°C.  However, no nanorods can be found if the solution is 
aged at room temperature.  These findings indicate that elevated temperature is needed 
to trigger atomic diffusion and phase transition for the formation of ZnO nanorods 
within a reasonable laboratory time scale.  Nonetheless, aging time is a crucial factor to 
affect ZnO nanorod diameters. 
 
5.3 Summary 
 
In summary, three distinct growth stages are observed in the growth of ZnO from 
quantum dots to rods. At the early stage, the size of both nanoparticles and nanorods 
were confined to below 5 nm. This is thought to be due to the zinc acetate ligand 
  
62
 
bonding on the particle surfaces, which prevents nanoparticles from growing further. 
Two different stages of growth mechanisms in the nanocrystal growth process were 
suggested: “focusing” and “defocusing’ stages [21].  During the focusing stage, the 
smaller particles grow faster than the larger ones, and as a result, the size distribution 
can be focused down to one that is nearly monodisperse.  However, in defocusing stage 
(Ostwald ripening), small nanocrystals are depleted as larger ones grow bigger and the 
size distribution broadens, or defocuses. Therefore, it is apparent that the growth of 
narrowly dispersed spherical ZnO nanocrystals at the early stage is in the “focusing” 
stage. 
 
At the intermediate stage, ZnO nanorods are grown along the c-axis of the wurtzite 
structure.  The highest aspect ratio of ZnO nanorods is found at this stage. This is 
resulted from the oriented attachment and selective bonding of zinc acetate ligands to the 
respective crystallographic planes, allowing spherical nanocrystals to grow 
preferentially along the c-axis, making this axis the long axis of the rods. 
 
At the last stage, nanorods grow simultaneously in all directions, leading to the decrease 
in aspect ratio.  This finding is consistent with the defocusing model (Ostwald ripening) 
introduced previously. 
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6. CONCLUSION 
 
The characteristics of ZnO colloidal nanoparticles synthesized via our new wet-
chemistry approach were studied by using an UV-Vis spectrophotometer, PL, XRD and 
TEM. The particle size in the range of about 2.5 to 5 nm was obtained from the both the 
UV-Vis absorption spectra and the TEM images. Structural transformations were 
observed from the white precipitants in ZnO colloidal solution. Slow volatilization of 
MeOH and excess KOH on the particle surface cause changes in structures. The XRD 
peak analysis indicated that the precipitant may be the hydrozincite and zinc hydroxide, 
supported by the reaction equation during the annealing. No structural changes were 
observed by other surface environments such as water binding, pH change, re-absorption 
of methanol.   
 
HRTEM, electron diffraction and XRD have been used to study the morphology, 
structure, size and shape evolution of the ZnO nanocrystals.  Wurtzite ZnO nanorods 
having small diameters and narrow size distribution have been grown using our unique 
wet-chemistry at a much lower concentration than expected. Three distinct nanorod 
growth stages are observed: 1) formation of quasi-spherical nanoparticles with diameters 
< 5 nm, 2) preferential growth of ZnO nanorods along the c-axis, and 3) random growth 
of ZnO nanoparticles in all directions.  Important processing parameters for the 
formation of ZnO nanorods, such as temperature, concentration of solution, annealing, 
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and aging time, were also studied.  It is observed that the diameter of ZnO nanorods is 
only sensitive to aging time, not the temperature of reaction.   
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